The valorization of aquatic-derived biowastes as possible feedstock for the production of value-added chemicals and materials is proposed here as a sustainable alternative compared to the exploitation of the more conventional (fossil) resources. In this context, the comprehension of the opportunity related to the valorization of the shellfish industry biowaste for the production of useful materials, especially focusing on chitin and its derived byproducts, is investigated. The large amount of waste produced each year by the shellfish processing industry seems to be an appealing opportunity for the European market to produce valuable products from underutilized waste. In order to highlight this important market-opportunity, the actual European situation concerning the shellfish volume of production is presented. The industrial processes necessary for the recovery of chitin, chitosan, and their derivatives are largely described, together with a wide description of their peculiar (and interesting) physicochemical properties. Even if nowadays the scientific literature suggests that this class of biopolymers is very appealing, further research is still necessary for overcoming some criticisms still present in the extraction and valorization of such substrates. However, the principles of both circular economy and green chemistry encourage the reduction of such biowastes and their exploitation as an alternative resource for a global sustainable future.
Introduction
Studies in the field of renewable resources have dramatically increased in the last decades due to the high economic interests in the valorization of sustainable feedstocks for obtaining useful and valuable chemicals and materials [1] [2] [3] [4] [5] [6] . In general, most of the studies in this topic are involved in the valorization of agricultural and/or municipal wastes (mostly lignocellulosic-and starch-based substrates) as starting materials for the creation of new products, especially as fillers or additives in the development of both polymeric and composite materials [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . This is, for instance, the case of Mater-Bi, a starch-derived commercially-available bioplastic (produced by Novamont S.p.A., Italy) [17] [18] [19] [20] . Another opportunity is the thermal conversion of such residual substances for the production of carbon-based materials, biofuels and/or biogas [21] [22] [23] [24] [25] [26] [27] . In most cases, from bio-based substrates, it is also possible to extract fine chemicals, such as particular drugs and/or pharmaceuticals difficult to obtain by classical synthetic routes from traditional organic chemistry [21, 28, 29] . In this context, the valorization of aquatic-derived substances as possible feedstocks for the production of bio-based materials is a very attractive solution which, in those years, caught the attention of worldwide researchers and experts [1, 4, 30, 31] . In particular, as widely-reported by Kerton et al. [1] , more than 70% of our planet surface is covered by oceans and other aquatic environments, which potentially offer a wide variety of different biomasses, namely plants (mostly algae) and (in)vertebrates (i.e., basically crustacean and mollusk waste shells and other residues from fish farms). According to (i.e., European lobster, Norway lobster, red lobster, European crayfish, king/striped prawn, brown crab, common shrimp, other shrimps, and other crustaceans). Interestingly, for cephalopods results evidence that the main volumes of products involved principally Spain, Italy, and France (Table 1) . The same trend is registered for the bivalves category, with some particular exceptions, such as Portugal for clams, UK for scallops, and Netherlands, Denmark, Germany and Belgium for mussels (Table 1) . Concerning crustaceans, instead, the volumes are more broadly distributed among all the EU countries (not only the Mediterranean countries, but also the Northern European ones), with significant variations depending case by case (see the data reported in Table 2 ).
As stated in [40] , it is very difficult to estimate the amount of fish-derived waste since it depends on many variables: one above all is the processing of the fished products. In general, the principal waste management options followed the well-known waste hierarchy: (i) reduce, (ii) reuse and/or recycle, and (iii) disposal. Sometimes the choice of a particular waste management option strongly depends on both the chemical composition and the mechanical properties of a datum residue. Typically, such biowastes are processed by paying a disposal cost to a third-party or specific waste management company. Depending on the kind of treatment, biowastes can be further used for other applications (e.g., composting, or incineration) [40] [41] [42] . A very interesting option is their use as starting products for the extraction of value-added chemicals. In this context, the main issue is the development of economically sustainable routes allowing the treatment of large quantities of biomasses [40] . 
The Chitin Industry Case Study
Among the different chemicals and materials obtainable from the fish industry biowaste, to the best of our knowledge the main relevant (and promising) one is definitely chitin, together with chitosan (its N-deacetylated form), and their relative monomers (N-acetyl)-D-glucosamine (see Figure 1) . Chitin is the second most abundant naturally-occurring polysaccharide and it is a component of crustaceans shells, cephalopods shell parts (i.e., radulae, beaks, and cuttlebones), insect cuticles, and cell walls of some fungi [1, [43] [44] [45] [46] . Both chitin and chitosan are β (1-4) glycans formed by 2-acetamide-2-deoxy-D-glucopyranose and 2-amino-2-deoxy-D-glucopyranose units (as shown in Figure 1 ), with (C 6 H 10 O 4 N) n as general chemical formula for this class of biopolymers [47, 48] . The ratio between the two monomeric units corresponds to the N-Deacetylation Degree (or %DD in the following), which is an indication of the molar fraction of the 2-amino-2-deoxy-D-glucopyranose units (i.e., the amount of freely-available amino groups) in the biopolymer [49] .
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Curiously, such a crystalline β-form cannot be synthesized from solutions or biosynthesized in vitro, even if the β-phase is more chemically reactive than the α-one (in fact, β-chitin can be easily converted into the more stable α-phase by simple acid treatments) [51] . Such enhanced reactivity can be explained by considering the chemical structure of such biopolymers. In particular, the chitin H-bonds due to the polar functionalities are mainly intermolecularly organized for the α-phase, whereas, in the case of the β-phase, only intramolecular H-bonds are registered. Such an aspect strongly influences the solubility of these two allomorphs respect to polar solvents. In fact, the absence of intermolecular H-bonds explains why polar solvents (such as water, alcohols, or amines) easily penetrate the crystalline lattice of the β-phase without modifying its crystalline organization (i.e., only reversible swelling phenomena occur). Conversely, α-chitin is not permeable to polar solvents (such as water and alcohols) due to the presence of intermolecular H-bonds between chitin chains [50] . From the practical viewpoint both crystalline forms are insoluble in water and other polar solvents, this issue is one of the main limitations in the commercial use of chitin, which requires typically more "exotic" solvents such as a mixture of LiCl and DMAc (N,N-dimetilacetammide) [1] . In order to overcome this solubility-problem, chitin is generally converted into the more soluble chitosan (its N-deacetylated form), which can be dissolved into weak acid environments. The enhanced solubility of chitosan allows its use in several technological fields, such as in membranes for water softening processes [52] , in water treatments as adsorbing material (alone or grafted to selected nanometric substrates) [53] [54] [55] [56] , in the agriculture industry as a protective agent against oxidation [57] , as a bioplastic for food packaging [58, 59] , in the cosmetic industry as a moisturizing/conditioning agent [50] , as carbon precursors for the development of cathodes in Li-S batteries [60] , and in biomedicine as a drug delivery system and/or as hydrogels [61] [62] [63] , as an antimicrobial agent/coating [34, 64, 65] , and as technical anti-allergic textiles/sutures [66, 67] .
Based on the chemical composition of crustaceous shells, chitin is linked with proteins forming a chitin-protein organic matrix where minerals salts (i.e., calcium carbonate, the reinforcing component) and carotenoid pigments (mainly astaxantin and its esters) are dispersed in the shell. Once the raw crustacean shells were ground, sieved, and dried, the fractionation of the elements forming the raw materials involves three main steps (as reported in Figure 2 ) [1, 68] . These are the deproteination (i.e., the removal of the protein), demineralization (i.e., the removal of calcium carbonate) and discoloration (i.e., the removal of the pigments). The deproteination step is a very delicate procedure since it requires chitin-protein separation, but still maintains the integrity of the amino-polysaccharide. In general, this step is the first one since it guarantees the dissolution of the chitin-protein complex, thus allowing the complete separation of chitin. Such separation is reached by means of a basic environment: typically sodium or potassium hydroxide (generally, NaOH at low concentration 0.125-5.0 M, at T > 160 • C with contact times from minutes up to days). The main problem related to this step is that at basic pH chitin starts to N-deacetylized, thus forming chitosan (changing the %DD). Recently, an increasing number of studies [69, 70] are focused on the possibility of using biological extraction for the isolation of chitin. Concerning the biological extraction, this process is obtained by means of enzymes (i.e., proteases, such as trypsin, pepsin, and/or papain) obtained from plants, microorganisms, and/or animals. One limitation of this biologically-driven extraction is the non-complete deproteination (5-10% of residual protein), thus the chemical extraction is still the most preferred technique. Moreover, the chemical deproteination step can be realized indifferently before or after the demineralization step, whereas for the enzymatic process, it should be performed after the demineralization step. If the two processes were inverted, the minerals present in the biomass will further reduce the overall efficiency of the biologically-catalyzed separation process. In the demineralization step, instead, raw materials are treated in acid environments (typically strong acids such as hydrochloric, sulfuric, or nitric acids, as well as acetic acid). The most common treatment consists of using 10% HCl at room temperature (RT) with a contact time of ca. 2-3 h. This way, calcium carbonate is solubilized as CaCl2 following the reaction (1), while chitin remains as solid matrix:
For the demineralization process, the experimental conditions, such as time, temperature, acid concentration, and solute/solvent ratio, strongly depend on the starting biomass (i.e., the degree of mineralization depends on the raw shells). One problem related to this step is that at acid pH chitin starts to hydrolyze, thus sometimes in order to minimize this side-reaction, further non-conventional treatments are preferred, such as the use of either EDTA (Ethylenediaminetetraacetic acid) or biological treatments. Lastly, in the discoloration step, the carotenoid pigments (i.e., astaxantin) linked with a macromolecular protein forming a complex named crustacyanin, should be removed by an oxidation step to produce colorless chitin. In general, this procedure is carried out by a reaction with oxidizing species, such as hydrogen peroxide or potassium permanganate. Sometimes such pigments are also recovered by means of mild heat treatments (extraction) rather than oxidation processes.
The production of chitosan, instead, starting from chitin consists in a basic treatment where the N-deacetylation reaction takes place. Obviously, depending on the reaction chemical parameters (namely, time, temperature, and base selected) it is possible to modulate the %DD, thus forming different chitosans with different freely-available amino groups [50] . Even for chitosan, it is possible to distinguish two different processes: a chemical deacetylation [71] and an enzymatic one [72] . Additionally, the chemical deacetylation can be carried out either in heterogeneous [73] or in homogeneous [74] conditions. Concerning the heterogeneous method, chitin is treated under a hot solution of concentrated NaOH for several hours, thus obtaining a water-insoluble chitosan with a 85-90% of DD. Vice versa, in the homogeneous method, chitin is firstly dissolved for 3 h in a concentrated NaOH solution and subsequently further dissolved in chopped-ice at a temperature of In the demineralization step, instead, raw materials are treated in acid environments (typically strong acids such as hydrochloric, sulfuric, or nitric acids, as well as acetic acid). The most common treatment consists of using 10% HCl at room temperature (RT) with a contact time of ca. 2-3 h. This way, calcium carbonate is solubilized as CaCl 2 following the reaction (1), while chitin remains as solid matrix:
The production of chitosan, instead, starting from chitin consists in a basic treatment where the N-deacetylation reaction takes place. Obviously, depending on the reaction chemical parameters (namely, time, temperature, and base selected) it is possible to modulate the %DD, thus forming different chitosans with different freely-available amino groups [50] . Even for chitosan, it is possible to distinguish two different processes: a chemical deacetylation [71] and an enzymatic one [72] . Additionally, the chemical deacetylation can be carried out either in heterogeneous [73] or in homogeneous [74] conditions. Concerning the heterogeneous method, chitin is treated under a hot solution of concentrated NaOH for several hours, thus obtaining a water-insoluble chitosan with a 85-90% of DD. Vice versa, in the homogeneous method, chitin is firstly dissolved for 3 h in a concentrated NaOH solution and subsequently further dissolved in chopped-ice at a temperature of ca. 0 • C. This way, the chitosan obtained is water-soluble with a DD minor than 45-52%. The enzymatic process is used for the production of chitosan oligomers by exploiting hydrolytic enzymes (classified as EC. 3.5.1.41, chitin deacetylase) obtained from fungi and insects. The biopolymer thus obtained presents a very low DD, confirming that the chemical deacetylation is still the more efficient method.
Chitin: A European Opportunity
The possible exploitation of shellfish industry biowaste in Europe is a very complex issue, very difficult to analyze. As previously discussed, in Europe there are tons of fish industry-derived biomasses that, in principle, should be considered as a "Promised Land" in terms of market opportunity, since they are currently less exploited. As quantified in [75] , byproducts or residues in fish and shellfish industrial processing may constitute 70% of the overall amount. Additionally, market surveys and the presence of few industrial realities suggested that the solution discussed in this manuscript is not only a potential solution, but also a real business opportunity for the EU market. From the economical viewpoint, chitin is available in the market with a price of ca. 500 €/kg, whereas chitosan's price strongly depends on the purity and the molecular weight, although it is ca. 1100-1200 €/kg. Depending on the extraction method selected (either chemical or biological), different process costs have to be taken into account (reactants and other plant costs). Obviously, a case-by-case LCA (Life Cycle Assessment) study is mandatory. Although, by considering a chitosan extraction yield of ca. 40-50% [76] , the recovery of these biopolymers from such biowaste seems to be a very promising route.
Quite recently, Mo et al. [77] investigated the possible exploitation of fish waste obtained from food processing as a possible alternative to conventional ingredients for feeding aquaculture fishes. Evidence obtained confirmed that a large variety of waste materials could be used to reduce the amount of conventional protein supply in the diet of farmed fishes. This way, a real circular economy where one industry byproduct (fish waste) is converted into another industry product (fish food for aquaculture) is realized, thus confirming that the circular economy view is the direction to follow in the future. We need to completely forget the concept of "waste", and replace it with "residue". This viewpoint can also be a possible alternative economic solution in developing countries. In a recent study, Hardy et al. [78] reported the massive use of shellfish in Senegal. As evidenced by the authors, marine mollusks are abundant and easy-to-process substrates used worldwide by humans since the mid-Holocene period (see [78] and references within). As described in [79] , millions of tons of shell waste are annually generated as byproducts by the Chinese shellfish industry. From the economic and sustainable viewpoint, it is desirable to convert these residues into usable products for industrial applications. Nowadays, several studies are involved in their re-use, mainly in wastewater and soil treatments [75, 79] .
Even if the scientific literature is rich in studies focused on the possibility of producing value-added products from fish, shellfish, and crustacean processing, it is important to notice that apart from food, very few aquatic-derived products are available in the daily market. Probably, one of the main reasons for this trend is the difficulty in isolating specific parts or components, as well as obtaining specific health information (necessary for the pharmaceutical industry, see [75] and references within). In any cases, as stated before, the possibility of exploitation for obtaining value-added products strongly depends on the chemical composition of the residue: every aquatic animal category provides a different residue, with a different chemical composition, and this is also reflected on the possible extractable chemicals and materials. Lastly, another important key factor to be taken into account is that such naturally-derived substances are highly perishable and must be available in relatively large amounts on a regular basis to run the process in both an economical and sustainable way [75] . However, for the sake of comparison, it is important to highlight that several industries are growing worldwide, in particular nearby the site of production, for the production of chitin and chitosan [80] . A possible solution is the development of integrate sites where both the producers of shellfish residues and those who are involved in their valorization can collaborate in a circular economic view. One interesting example of valorization of byproducts obtained from fish industry is the case of Astro (Lavis, Italy), a fish industry located in Trentino Province (Italy) focused on trout farming. As reported in the literature, Fiori et al. [81] demonstrated that it is possible to produce omega-3 rich fish oils in a biorefinery concept from fish industry residues obtaining a significant benefit in terms of a reduction in utility costs and greenhouse gases emission.
Furthermore, as reported in [1] , it is important to notice that both chitin and chitosan can be used as starting materials for the production of useful chemicals, such as mono-, di-and oligosaccharides via further hydrolysis processes. Some examples are the production of (i) chitobiose, a dimer of N-acetylglucosamine (NAG) 2 , (ii) N-acetylglucosamine (NAG) monomer, and (iii) glucosamine (GlcN) salts via enzymatically-catalyzed hydrolysis reactions of the obtained chitin/chitosan [82, 83] . It is important to notice that both chitin and chitosan oligomers are molecules that possess bioactive properties (against tumors, bacteria, and fungi) that makes them suitable for the biomedical and pharmaceutical industry. In particular, since chitosan is a cationic biopolymer, it is widely studied as a carrier for the delivery of genetic materials (DNA, RNA) forming complexes by electrostatic interaction [84] . The chemistry of chitosan is strongly due to the reactivity of its amino groups, which can be used as reactive sites for the functionalization of the biopolymers with hydrophilic, hydrophobic, cationic, anionic, or specific selective moieties, thus enhancing the possibility of its use.
Jardine and co-authors [85] deeply analyzed the possibilities of exploitation of chitinous biomasses in a biorefinery. In their study, the authors reported a significant consideration concerning the valorization of chitin-containing biomasses: "countries such as China, Thailand and Ecuador have well-established aquaculture industries and hence, well established chitin and chitosan industries" [85] . Recent studies reported the possibility of the recovery of gaseous products (NH 3 , H 2 O, CO, and CO 2 ), as well as N-rich aromatic biochars via pyrolysis [46, 60, 85, 86] . Depending on the chemical treatment employed on chitin, it is possible to obtain a platform to produce different chemicals, such as: 5-hydroxymethylfurfural (5-HMF) [87] , lactic acid [88] , 3-acetamido-5-acetylfuran (3A5AF) [89] , levoglucosenone, acetic acid, and 4-(acetylamino)-1,3-benzenediol [86] (see Figure 3) . Quite recently, levulinic acid (4-oxopentanoic acid, a keto-acid very interesting for the market since it can be used as a feedstock for the production of biofuel additives, as well as other fine chemicals) was obtained from both chitosan and glucosamine by means of a hydrolysis reaction carried out under mild conditions [90] . It is important to notice that both chitin and chitosan can also be used in composite and blended materials, opening a way to significant (and promising) future scenarios in the development of novel useful materials [91] [92] [93] . 
Conclusions and Future Perspectives
The environmental problems affecting our planet are largely due to human overexploitation of natural resources, including (fossil) fuels, minerals, water, land, and biodiversity. Additionally, the EU countries generate large amounts of waste. In this context, the large amount of waste produced each year by the shellfish processing industry, and the absence of sustainable (both from the 
The environmental problems affecting our planet are largely due to human overexploitation of natural resources, including (fossil) fuels, minerals, water, land, and biodiversity. Additionally, the EU countries generate large amounts of waste. In this context, the large amount of waste produced each year by the shellfish processing industry, and the absence of sustainable (both from the economic and environmental viewpoint) waste management seem to be an appealing alternative for the European market to produce valuable products from the underutilized shellfish biowaste in substitution to the terrestrial free-lands consumption. Among the different chemicals obtainable from aquatic environments, this study is focused on the chemistry of shellfish-derived biowaste and, in particular, on the chemistry of chitin and its derived products.
Interestingly, even though 74% of the world market is basically due to Asian countries, the Europe contribution is still significant (the EU is the fifth world producer of fishery-related products). In this manuscript, we have tried to investigate from both the technical and economic viewpoint, the EU production volumes of fishery and aquaculture, analyzing the possible application of these resources in the production of usable biopolymers, namely chitin and chitosan. In this context, a methodical screening of the main processes necessary for obtaining such useful biopolymers was provided and discussed. The volume survey of EU production together with the global market prevision of chitin (1,555,000 metric tons by 2022) [94] encourage the exploitation of shellfish biowastes for obtaining this useful material and its derivatives. The use of chitin and chitosan themselves, or as a platform for the production of chemicals, is a great alternative to the consumption of fossil sources. Obviously, a case-by-case LCA study is mandatory, however the benefits coming from the valorization of chitin and chitosan are many.
Even if, nowadays, the scientific literature suggests that this class of biopolymers is very appealing, there are still some criticisms in the method of exploitation (i.e., high perishability of the starting biomass, difficulty of biomass fractionation, its regular supply, etc.). Further research is required to investigate a better route for overcoming the technical and engineering problems related to biowaste management in a broader sense. In this context, the policy of EU countries will surely act as a stimulating agent. In our opinion, the exploitation of the aquatic environment is a green, useful, and promising opportunity for Europe, which needs to be taken into account in order to develop both innovative and green solutions for a global sustainable future.
